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WORKSHOP  ON  INTELLIGENT  TURBINE  ENGINES 
FOR  ARMY  APPLICATIONS 

Day  1  -  Monday.  March  21.  1994 

7:45  Registration 

8:30  Welcome  and  Introduction 

-  A.  Epstein,  MIT  &  D.  Mann,  ARO 

Advanced  Control  for  Gas  Turbines:  Industry  and  Government  Perspective 

9:00  Army  View  of  Rotor  Craft  Turbine  Engine  Controls  -  Present  &  Future  Applications 

-  V.  Edwards,  Aviation  R&D  Engineering  Center 

9:30  Army  Ground-Based  Gas  Turbine  Engines 

-  R.  McClelland,  USA  Tank-Automotive  Center 

10:00  Experience  and  Potential  for  Advanced  Engine  Controls 

-  J.  Kulberg,  Pratt  &  Whitney,  E.  Hartford 

10:30  Break 

10:50  Advanced  Engine  Control 

-  S.  Carpenter,  GE  Aircraft  Engines 

1 1 :20  NASA  Research  in  Engine  Control 

-  W.  Merrill,  NASA  Lewis  Research  Center 

11:50-13:00  Lunch 

Overview  of  Active  Control  in  Gas  Turbine  Engines 

13:00  The  Promise  of  Active  Control  for  Helicopter  and  Tank  Engines 

-  A.  Sehra,  Textron  Lycoming 

13:30  MU  Research  in  Active  Compressor  Stabilization 

-  J.  Paduano,  MIT 

14:00  GE  Research  in  Active  Control 

-  A.  Spang,  GE  Research  Center 

14:30  Break 

14:50  Progress  in  Modeling  &  Control  of  Compressor  Stall 

-C.Nett,UTRC 

15:20  A  Systems  Study  of  the  Impact  of  Active  Compressor  Stabilization 

-  K.  Tow,  GE  Aircraft  Engines,  Lynn 

16:00  Tour  of  MU  Gas  Turbine  Laboratory,  Active  Control  Facilities 

18:30  Dinner 
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Day  2  -  Tuesday.  March  22.  1994 

8:30  Panel  Discussion  on  Intelligent  Engine  Control 

-  Industry-Government- Academia 

9:30  Change  to  Breakout  Panels 

9:45-12:00  Breakout  Discussions 

a)  Engine  Systems  &  Applications 

b)  Components 

c)  Control  Theory 

12:00  Lunch 

13:00  Reports  from  the  Breakout  Panels 

Open  Discussion 

14:30  Closing  Remarks  -  ARO  Interests  in  Intelligent  Engines 

-  D.  Mann,  ARO 

15:00  Adjourn 
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SUMMARY  ViEWGRAPHS 
OF  BREAKOUT  PANELS 


(Parenthetical  remarks  are 
those  of  the  Editor) 


Vehicle  Systems  &  Components  Panel 

SYSTEMS 

Potential 
Risk  Reward 

L  H  •  Identify  active  control  benefit  to  snnall 

engines  vs.  large  engines 

•  Diagnostics  -  condition-based 
maintenance 

M  H  •  New  sensor  /  actuator  systems 

•  Reconfigurable  smart  engine 

(For  battle  damage  component  failure) 

H  H  •  Simplicity 

(Of  active  control  system) 

•  Passive  control 

(Same  dynamic  behavior  without 
computer  actuators) 

•  Totally  Silent  engine 

M  M  •  Active  avoidance  of  distortion 

(Manipulate  inflow  to  engine) 

•  Active  control  of  inlets 

L  L  •  Integration  -  adaptive  propulsion 

control 

(Integration  of  helicopter  flight  & 
propulsion  controls) 


L  =  Low,  M  =  Medium,  H  =  High 


Vehicle  Systems  &  Components  Panel 

COMPONENTS 


Potential 
Risk  Reward 


H  H 


•  Active  blade  control  -  shape,  flutter, 
forced  vibration  damping 

•  Active  combustion  control 

-  Emissions 

-  Pattern  factor 

-  Life  cycle  cost 

•  Tip  clearance  control 

(Now  done  open  loop  in  large  engines) 

•  Active  control  of  separation 

•  High  lift  /  max  lift  airfoil 


L  M  •  Optimized  turbine  cooling  / 

performance 
(Control  of  turbine  cooling) 


H  M  •  Katzmeier  effect  -  unsteady  blading 

(Unsteady  lift  would  increase  loading 
capability) 


Vehicle  Systems  &  Components  Panel 

PROCESS 

Potential 
Risk  Reward 


L 


H  *  System  identification 

(Of  fluid  &  structure  dynamics) 

•  Identify  low  hanging  fruit  beyond 
compressor  stability 

-  Risk  vs.  reward 

•  Strategy  for  technology  insertion 

•  Multidisciplinary  w/  in-depth  teams 


M  H  *  Stall  line  prediction  -  accurate 

-  Passive 

-  With  active  control 


H 


H 


Active  control  of  flutter 


M  •  Active  control  as  a  demo  tool 

L  •  Active  control  of  surge  only 
-  Not  including  rotating  stall 


H 


Inverse  optimization  technique 
-  Better  modelling 


Generic 


Closed  loop  control  of  unsteady  flow 


Control  Panel  Summary 


ENGINE  CONTROL  USING 
"CONVENTIONAL"  ACTUATORS/SENSORS 

•  Nonlinear  control  (NL)  techniques  are  needed  - 
CONTEXT  is  very  important 

•  To  understand  the  “class”  of  NL  systems,  a 
standardized  NL  model  structure  for  engines, 
simiiar  to  the  fiight  dynamics  standard 

-  Must  involve  industry 

-  Recognize  noise  and  NL 

-  Be  fiexibie  (for  inciusion  of  new  concepts) 

-  Be  buiit  around  experimental  testbed 

•  Wish  list  -  a  testbed  with  compiexity/dynamics 
between:  a  simple  compressor  rig  and  engine 

•  Airframe/engine  integration  in  helicopters 

-  Situation  awareness/feedforward 

-  Rotor  aerodynamics  in  transient  maneuvers 

-  Performance  seeking  in  new  context 

-  Vibration  as  weii  as  fuel  burn 

-  Rotor  speed  as  variable 

-  Hardware/know-how  is  ripe 


Control  Panel  Summary  (Cont.) 


Recognition 

-  Use  of  controi  theory  reiies  on  context 

Recommendations  depend  on  context  of  fruitfui 
work  to  be  done 

Unsteady  fluid  mechanics 

-  New  system  identification  toois  for  fiuid 
systems 

-  Noise  environment  far  worse 

-  Techniques  from  fiuid  theory  shouid  be 
expioited 

-  Length  scale,  time  scale  concepts 

-  Ensemble  averaging 

-  Converting  distributed  fluids  model  to  control 
form 

-  Many  structural  dynamic,  nonlinear 
dynamics  techniques  available 

-  CFD  to  ODE  I  Create  low  order 

-  PDE  to  ODE  1  aggregate  models 

-  Collaboration  with  experiments  is  vital 


Control  Panel  Summary  (Conf.) 


•  Other  nonlinear  control  issues 

-  Multivariable  mode  selection 

-  Transient  performance  improvement  through 
NL  control 

-  How  to  measure,  insure  safety  during 
design 

-  Engine  companies  should  talk  to  academia 
about  their  problems 

-  Disturbance  rejection 

-  Characterizing  disturbances/uncertainty/ 
noise 

•  Advanced  concepts 

-  Sponsoring  organizations  should  explicitly 
fund  control  work  which  collaborates  with 
experimental  aPDlication 


SPEAKERS'  PRESENTATIONS 
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Improved  Reliability 

Reconfigurable/Adaptable 


INTELLIGENT  TURBINE  ENGINES 

Application  of  Artificial  Intalligance-basod  Advancod  Control  Stratogiss  to 
Gas  Turbine  Engines  for  Improved  Economy  and  Reliability 
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WORKSHOP  ON  INTELLIGENT 
TURBINE  ENGINES 


Identification  of  basic  research 
requirements 


A  NEW  RESEARCH  PARADIGM 


ARO  WILL  FACILITATE  THE  PARTNERSHIP  WITH  SUPPORT  AND  COORDINATION 


VERNON  R.  EDW 
CHIEF,  PROPULS 
TECHNOLOGY  Dl 
ATCOM 


ARMY  VIEW  OF  ROTORCRAFT  TURBINE 
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FIGURE  6-4.  ELECTRONIC  CONTROL  UNIT 
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SIMPLIFIED  COCKPIT  PROCEDURES 
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ADVANCED  ENGINE  CONTROLS 

•  GREATER  ENGINE  EFFICIENCY 

•  SIMPLIFIED  EXTERNALS 

•  REDUCED  WEIGHT 

•  LONGER  SERVICE  LIFE 
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MAGNETIC  BEARING  WEIGHT 
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Overview  of  Topics 
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GEAE  COMMITTED  TO  BE  LEADER 
IN  ENGINE  CONTROL  SYSTEM  TECHNOLOGY 


COMMERCIAL  ENGINE  TECHNOLOGY  FIGHTER  ENGINE  TECHNOLOGY 
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AnVANCED  CONTROL  LAW  TECHNOLOGIES 
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Intelligent  Engine  Control  (lEC)  Concept. 
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Processor  capability  16  Bit  >  32  Bit  >  Fast  32  Bit  floating  point  with  CACHE 

Memory  Affordability  >16  X  growth  In  digital  control  memory  capacity 
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MODEL  BASED  CONTROL 
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INCREASED  VEHICLE  SYSTEM  INTEGRATION/OPTIMIZATION 
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GE’5  BEACON  SYSTEM: 

PROVIDES  INTEGRATED  CONTROL  LAW  DESIGN,  IMPLEMENTATION,  AND  TEST, 
WITH  DRAMATIC  TOTAL  PROCESS  COST  AND  CYCLE  TIME  REDUCTION,  ^ 
QUALITY  ENHANCEMENT,  AND  SIGNIFICANT  REDUCTION  IN  MANUAL  STEFS 


SIMPLIFIED  PROCESS  DIAGRAM 


ni D  PROCESS 

ENGINEER  HAND 
SKETCHES  DESIGN 


BEACON 

OUTPUTS 


BEACON  BASED  PROCESS 

: - - - 

I  ENGINEER  CREATES 
BEACON  DIAGRAM 


MANUALLY  CODE 
SIMULATION 


RUN  SIMULATION 
TO  ASSESS  DESIGN 


RUN  SIMULATION 
TO  ASSESS  DESIGN 


CAD  SYSTEM  TC 
DRAW  DIARAMS 


TYPE  IN  SPEC  "EXT 
, TABLES.  I/O  LIST 


DETAILED  FADES 
CODE  DESIGN 


GENER.A  t  E  FfiDti-C 
CODE 


bENERATE  i EwT 
VECTORS 


EXPECTED  TEST 
RESULTS 


ACTUAL  S/W  TEST 
(AUTOMATED) 


ACTUAL  S/W  TEST 
(AUTOMATED) 


BENCH,  ENGINE,  j 
VEHICLE  TEST  j 

*  =  AUTOMATED  COMPUTER  UTILI"IES  AND 
THIS  TASK 

NOTE:  for  CLARITY,,  DESIGN  ITERATION  li 
PROCESS  STEPS 


BENCH,  ENGINE.  1 
VEHICLE  TEST 

BEACON  OUTPUT  USED  TO  ACCOMPLISH 


NOT  SHOWN.  NOR  ARE  ALL  DETAILED 
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Multivariable/Multimode  Selection  Logic  (Limit  Protection,  Stability). 

How  to  guarantee  that  approaching  a  linear  governor  from  a  new  direction 
will  not  cause  limit  cycling  due  to  nonlinearities  such  as  gain  kickers. 


Unique  Helicopter  Issues 
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Multiple  engines  coupled  through  rotor  system  drivetrain 
drives  need  for  load  share  function  &  good  OEI  strategies 

New  VSTOL  designs  require  mode  transition 

Difficult  to  specify  aircraft  handling  qualities  drivers  on 
engine  system  perfromance 
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GE  will  continue  to  draw  on  Experience  across  product  lines 
and  appropriate  advanced  technologies  to  provide  cost 
effective  helicopter  controls  that  meet  operational  needs 
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Normal  control  operation  is  analogous  to  turboprop 
control,  throttle  controls  engine  power,  “load” 
controls  power  turbine  speed 


RFCUPERATED  ENGINE  CYCLE  AND  BENEFITS 


Comparison  of  Englna  Cycles;  Benefit  of  Recuperator  and  VATN.  The 

recuperated  turboshatt  is  significantly  lower  than  that  of  a  standard  turboshaft. 
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Np,  as  in  aircraft  applications 
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-  PSC  for  optimal  engine  performance  over  life  with 
reduced  sensor  set 
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Additional  work  needed  on  multivariable  design  techniques  to 
address  real  world  constraints 

“Intelligent”  Control  Concepts  will  continue 
to  play  a  vital  role  in  meeting  ever  more  demanding 
performance  requirements 


THE  PROMISE  OF  ACTIVE 
CONTROL  FOR  HELICOPTER  AND 
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WORKSHOP  ON  INTELLIGENT  TURBINE  ENGINES  FOR  ARMY  APPLICATION 

MARCH  21-22, 1994 
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CONCLUDING  MESSAGE 


COMPRESSOR  OPERATING  ENVELOPE 


ROTATING  STALL  /  INLET  REFERRED  FLOW 


STABILITY  AUDIT 


COMPRESSOR  REFERRED  FLOW 


SURGE  MARGIN  ENHANCEMENTS 


Primarily  for  part  speed  surge  margin 


ACTIVE  STABILIZATION 

PAYOFFS 
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IMPROVED  SPECIFIC  FUEL  CONSUMPTION 
HIGHER  CYCLE  PRESSURE  RATIO 
HIGHER  EFFICIENCY 
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ACTIVE  SURGE  CONTROL  PAYOFFS 
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ACTIVE  STABILIZATION  OF  T55  ENGINE 


ACTIVE  STABILIZATION  OF  T55  ENGINE 
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PROPOSALS  SENT  TO  NAVY/NASA  FOR  A.S.  SYSTEM 
DEVELOPMENT 


ACTIVE  SURGE  CONTROL  PAYOFFS 

COMMON  CORE 


ACTIVE  STABILIZATION  OF  LTS101  ENGINE 
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FORCED  RESPONSE  TESTING  USING  THROAT 
INBLEED  UNDERWAY 


LTS101  COMPRESSOR 

4.0  %  SAVING  IN  IDLE  FUEL  CONSUMPTION 

3.7  %  INCREASE  IN  SPECIFIC  POWER 
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INLET  REFERRED  FLOW 


AGT 1500  HIGH  PRESSURE  COMPRESSOR 
2.6  %  SAVING  IN  IDLE  FUEL  CONSUMPTION 
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INLET  REFERRED  FLOW 


ACTIVE  STABILIZATION 

ISSUES  AND  CONCERNS 
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CONCLUDING  MESSAGE 


MIT  RESEARCH  IN 

ACTIVE  COMPRESSOR  STABILIZATION 


Presented  to  the  Workshop  on 
Intelligent  Turbine  Engines  for  Army  Applications 
March  21-22,  1994 


A.  H.  Epstein  E.  M.  Greitzer  G.  R.  Guennette  J.  D.  Paduano  C.  S.  Tan 


OUTLINE 


•  Background 

-  Goal  of  Active  Controi 

-Surge  and  Rotating  Staii  in  Compressors 

•  Surge  Control 

-Results  -  High-Speed  Centrifugai  Turbocharger 

-  Current  Research  -  Centrifugal  Gas  Turbine  Surge  Controi 

•  Rotating  Stall  Control 

-  Results  in  Low  Speed  Axial  Compressors 
-Modeling  and  Detection  in  High  Speed  Compressors 
-Current  Research  In  Control  of  R/S  in  High  Speed  Compressors 


GOAL  OF  ACTIVE  STABILIZATION 
■  Safe  Operation  at  Higher  Performance  Levels  - 


Pressure 

Rise 


-  System  study  projects  87o  reduction  in  GTOW  or  1 17o  longer  range 


NATURAL  OSCILLATORY  MODES  OF  COMPRESSORS 


Lowest  Order 


Planar 

Waves 


Higher  Order 


Surge 


Rotating  Stall 


SURGE  AND  ROTATING  STALL  IN  GAS  TURBINES 


Rotating  Stall  Generally  Precedes  Surge 

-  Often  eventually  leads  to  surge 

Depending  on  Machine,  May  Choose  to  Control  Surge  and  Not  R/S 

-  Centrifugals,  axicentrifugals:  surge  control  alone  may  pay  off 

rugged  compressors 

'progressive',  recoverable  rotating  stali 

surge  is  first  debilitating  instabiiity 

-  Axial,  multistage  compressors  -  R/S  control  required 

rotating  staii  is  abrupt,  debilitating 

controi  surge  aione  deep,  nonrecoverable  stall 


COMPARISON  OF  RECOVERABLE  AND 
DEEP  ROTATING  STALL 


-  Compressor  test,  no  surge 

- Unstable  axisymmetric  map,  no  rotating  stall 

.  Rotating  stall 


Centrifugal  Compressors, 
Fans,  and  Blov/ers 


Axial  Compressors 


EARLY  SURGE  CONTROL  RESULTS 


•  Rig  Demonstration  (Pinsely  et  a).,  1988) 

-  High  speed  (90,000  Rpm)  centrifugal  supercharger 

- 100  Hz  valve  actuating  downstream  or  plenum  bleed 

-  Demonstrated  20-25%  operating  range  extension 

•  Dynamic  Control  Trough  Tailored  Structures  (Gysling,  1991) 

-  Movable  plenum  wall  w/  tailored  structural  dynamics 
-Tuned  to  act  as  passive  damper  for  surge  oscillations 

-  Demonstrated  257o  operating  range  extension 

•  Detailed  Sensor/ Actuator  Placement  Studies  (Simon,  1991) 

-Sensor  and  actuator  type,  placement  are  pivotal 
-Close-coupled  actuation  is  a  key  to  success 
-Highly  multidisciplinary  endeavor 


STUDYING  ALTERNATE  IMPLEMENTATION  STRATEGIES 


Plenum 

Sensor 


Time-Varying 

Bleed 


Integrates  control  theory,  engine  design,  fluid 
mechanics,  experimentation,  aeroelastics 


CURRENT  EFFORTS  -  ACTIVE  SURGE 
STABILIZATION  IN  SMALL  GAS  TURBINES 


Two  650  HP  engines  on  test  stands 

-Textron  LTS-101  gas  producer  (turbojet  w/  variable  area  nozzle) 

-  Allison  250-C30  turboshaft  (power  turbine  and  water  break) 

Surge  Model  Extended  to  Include: 

-Combustor  energy  dynamics 
-Compressor/turbine  shaft  dynamics 

-  Compressibility 
-Candidate  actuation  strategies 

Sensor/ Actuator  Effectiveness  Study  Complete 

-  Diffuser  throat  injection  very  promising 

-  Fuel  modulation  least  effective 

LTS-101  Modified  for  Diffuser  Throat  Injection 


LTS-101  INSTRUMENTATION  LAYOUT 


GAS  TURBINE  PRESENTS  NEW  CHALLENGES 
TO  ACTIVE  CONTROL  DESIGN/MODELLING 


r 


Kq  ~  2,  M  j  ~  0,8 
Simple  compact  geometry 
"Shallov/"  characteristics 
Low  Helmholtz  frequency 


G.T.  Helicopter  Engine 

•  tiq  ~  8,  M  j  >  1.0 

•  Complex  geometry 

•  "Steep"  characteristics 

•  High  Helmholtz  frequency 

•  Combustion 

•  Shaft  dynamics 

•  Very  noisy 


ROTATING  STALL 

A  Distributed  Fluid-Mechanical  Instability 


Large  amplitude  nonlinear  ‘rotating  stall'  cell: 


Rotating  Stall  Causes  Damage,  Leads  to  Surge 
-  Engine  Performance  Compromised  to  Avoid  Stall/Surge 


ROTATING  STALL  STABILIZATION 
"Distributed"  Sensors  and  Actuators 


Sensors  IGVs  Compressor 


-  stator  vanes  (IGVs)  individually  servo-controlled 

-  wave  stabilization  increases  compressor  operating  range 


ROTATING  STALL  CONTROL  DEMONSTRATIONS 
-  Low  Speed  Compressors  - 

•  Single-Stage  Axial 

-Original  demonstration 

-  Modeling,  Identification,  and  control  concepts  & 
techniques  developed 

•  Three-Stage  Axial 

-Verification  of  1 -stage  results  on  Pratt-designed  rig 

-  Detailed  identification,  refinement  of  fluids  models 
-Testbed  for  advanced  modeling  and  control 

•  Dynamic  Control  Using  Aeromechanical  Feedback 

-Tailored  structures  coupled  to  fluid  mechanics 

-  Proof  of  passive  control  concept 
-Close-coupled  actuation  concept  tested 


SINGLE-STAGE  DEMONSTRATION 
18%  Operating  Range  Increase  with  Active  Control 


-Control  Circumferential  Harmonics  Independently 
Moore-Greitzer  dynamics  borne  out 

-Additional  Range  For  Each  AddtT  Harmonic 


Disturbance  Frequency,  oor/U 


ACTIVELY  STABILIZED  THREE-STAGE  COMPRESSOR 


Design  Characteristics: 


Low  Speed 
High  Reaction 
No  Surge 


to  =  2400  RPM 
R  =  0.74 
B  =  0.16 


(])  =  Cx/U  =  0.6 


PARAMETER  IDENTIFICATION  RESULTS 

and 

Refined  Theoretical  Predictions 


rotation  rate 


growth  rate 

a 


NONLINEAR  MODEL  VALIDATED  AGAINST 


AEROMECHANICAL  CONTROL  OF  ROTATING  STALL 


•  'Passive'  system 

-  Feedback  through  dynamic  coupling  between  unsteady 
flow  and  structure 

•  Deflection  of  structure  causes  flow  injection  into  annulus 

•  Circumferential  array  of  24  reed  valves  control  Injection 

•  Phase  of  Injection  set  by  interaction  between  stall  precursors 
(pressure  perturbations)  and  reed  dynamics 


10%  change  in  stall  point 


Pressure  Rise  Coefficient  (^) 


Air 

Injection 


RANGE  INCREASE  DUE  TO  AEROMECHANICAL  FEEDBACK 


stall  point  with  unsteady  blowing  (aeromechanical  feedback) 


I 

I  j  Stall  point  with  no  control  °  o 
Stall  point  with  steady  biowing  (reeds  fixed) 


-  I  10%  16%  I 

Stalling  Flow 
0.28  -  Coefficient 


o  Baseline 
Rigid  Reed 
n  Optimized 


0.35  0.4  0.45  0.5  0.55  0.6  0.65  0.7 

Mass  Flow  Coefficient  (O) 


HIGH  SPEED  COMPRESSOR  STALL  CONTROL  RESEARCH 


•  Modeling 

-Compressible  2D  Hydrodynamic  Stability  Model  In  Place 
-Applied  to  Industrial  Compressor  Test  Rig  Geometries 
-Compressible  Modes  Explain  Experimental  Results 
-Control,  Sensor/ Actuator  Studies  Underway 

•  Detection 

-Data  from  10  high  speed  compressors  reduced 

-  Pre-stall  traveling  wave  energy  present  in  all  cases 

-  'Compressible  mode'  important  to  stall  inception 

•  Actuation 

-  Mass  injection  currently  the  most  promising 
-Valve  hardware  designed  (Moog  and  NASA  Lewis) 
-Currently  Investigating  fluid  mechanics  of  unsteady  blowing 

•  Initial  Control  Design  Studies  Underway 


COMPRESSIBLE  MODELING  OF  ROTATING  STALL 

From  Hieh 


i  PressureHeservoir 
u - High-response  valve 


hPIP 

A 


»  . 


CASING 


1 

Inlet  Duct 
(Gap  1) 

■ 

1 

3 

1 

H 

H 

5 

■ 

6 

1 

1 _ 1 

1 

1 

■ 

lii 

HUB 


■n  mass  injection  acuiator  disk 


-  ID  Compressible  Flow  in  Blade  Passages 

-  2D  Compressible  Flow  In  Gaps 

-  Boundary  Conditions  Link  Volumes 

-  Result  -  Hydrodynamic  Model  for  Circumferential  Harmonics 

-  Actuation  and  Sensing  Added  to  Study  Control 


Power 


CURRENT  EFFORTS  -  ACTIVE  CONTROL  OF  ROTATING  STALL 


•  Control  With  Inlet  Distortion  on  3-Stage  Rig 

-  High  priority  for  implementation 
-Modeling,  control  much  more  complicated 
-We  will  'close  the  loop’  with  distortion  this  Spring 

•  Mass  Flow  Injection  on  3-Stage  Rig 

-Replace  inlet  guide  vanes  with  injectors 

-Significant  performance  improvement  predicted  by  2D  modeling 

-  Details  of  implementation  will  effect  performance  achieved 

•  Application  of  Advanced  Control  Techniques 

-  Robust  controller  design  and  implementation 

demonstrated  on  3-stage 

developing  techniques  for  use  at  NASA  Lewis 

-Nonlinear  analysis  and  control  law  design 
goal;  enhance  large  disturbance  stability 
applying  Lyapunov,  absolute  stability  theory 


CURRENT  EFFORTS  -  ACTIVE  CONTROL  OF  ROTATING  STALL 

-  NASA  Lewis  Project  - 

•  Industrial  scale  compressor  stages 

-Stage  37  -  High  speed  compressor  stage  (U,|p=  454  m/s,  h/t=.7) 
-Stage  67  -  Low  hub/tip  fan  stage  (U,|p=  430  m/s,  h/t=.36) 

•  Mass  flow  injection,  high-bandwidth  actuation  (300-500  Hz) 

-  NASA  Lewis  &  Moog  designing  linear  actuators 

-MIT  designing  valves  and  injectors 

-Scale  wind  tunnel  tests  (M=0.5)  of  injection  underway 

•  3D  hydrodynamic  stability  analysis  of  rotating  stall 

•  System  procedures  for  eigenvector  identification 

•  Testing  at  NASA  to  begin  Late  1994 


SUMMARY 

Stall  and  Surge  Control  are  Maturing  Rapidly 


Evolution  of  apparatus  complexity 

Surge  control  concept  surge  rig  ^  small  engines 

R/S  control  concept  =*-  1  stage  =>  3  stage  =»  high  speed/industrial 

Evolution  of  maturity  of  understanding 
-Surge  control: 

Lumped  model  model  w/  actuation  engine  scale,  environment 

-  Rotating  stall  control: 

Moore-Greitzer  unsteady  losses  =»  distortion  =»  high  speed,  3D,  nonlinear 

Each  evolutionary  stage  has  been  successful  to  date 

-  Still  much  to  do,  but  confidence  is  high 

New  multidisciplinary  concepts  are  emerging  out  of  necessity. 
'Close-coupied'  actuation 
System  identification  of  fluid  processes 
Passive  aeromechanical  controi 
Wave  energy  for  detection 
Interaction  of  compressible  and  acoustic  modes 


Progress  in  Modeling  &  Control  of  Compressor  Stall 
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Intelligent  Turbine  Engines  for  Army  Applications 

Cambridge,  MA  (MIT) 

March  21,  1994 


Key  P&W  Point-of-Contact;  Dr.  Om  P  Sharma 
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Complex  interactions  with  overall  system  and  operating  environment 


stability  Enhancing 
Control  Concepts 
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Active  Control  Proof-of-Concept  Demos 
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Signal  w  Rotating  Stall 

Processing  ,  ,  Controller 


Active  Surge  Control  Demo;  2-Way  Actuation 


Active  Surge  Control  Demos 


] 


disturbance  on 


Active  Rotating  Stall  Control  Demo 


Disturbance 


Active  Rotating  Stall  Control  Demo 


Disturbance  Throttle  Position 


Integrated  Control  Proof-of-Concept  Demo 


Active  Rotating  Stall  /  Surge  Control  Demo 


stall  Inception  Models 


Span-wise  Uniform, 

Long  Wavelength  Inception 


Velocity  at  TIP  Velocity  at  HUB  Pressure  at  Inlet 


Model-Based  Surge  Controllers 


-1— < 

c 

CD 

o 

0 

CD 

X— 

•4—* 

_E 

■D 

TD 

c 

o 

O 

'i— 

0 

CL 

CD 

LD 

o 

X 

LJJ 

+ 

■ 

cc 

DQ 

ID 

CD 

CD 

*0 

■D 

■D 

0 

LL 

"D 

o 

CD 

q 

*0 

C 

CD 

+ 

c\i 

1 

o 

■•C 

o 

0 

CL 

c 

o 

_c 

‘o 

CL 

'0 

0 

(D 

0 

c 

0 

DQ 

CD 

O 

E 

~0 

•0 

X— 

•4— > 

LO 

CO 

c 

o 

0 

CL 

LO 

CD 

O 

X 

LU 

+ 

' 

o 

0 

JD 

■D 

0 

DQ 

■o 

DQ 

■D 

0 

■D 

CO 

q 

0 

LL 

O 

O 

+ 

1 

E 

0 

C 

>^ 

0 

C 

Q 

£ 

’CJ) 

‘0 

0 

o  ^ 

# 


Required  Extensions 
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Extensions  required  for  both  models  and  controls 
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A  Systems  Study  of  the  Impact  of  Active  Compressor  Stabilization 


Overview  of  Assumptions 
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of  having  more  stall  margin 


Advantages  of  Active  Control  Stabilization 
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Active  stabilization  includes  and  potentially  exceeds  the  performance 
benefits  of  stall  avoidance  control  technologies. 


Active  Control  Provides  Potential  Benefits  on  Different  Levels 
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Increased  aircraft  range 


Active  Stabilization  Implemented  as  a  Retrofit  Upgrade 

to  an  Existing  Configuration 


Typical  Engine  Design  Limits 


Parameters  other  than  stall  margin  may  limit  cycle  performance 


ratio  at  constant  corrected  speed. 

•  High  pressure  compressor  is  actively  controlled;  the  fan  is  not. 


Point  A:  Baseline  Cycle  Design  Point 
Point  B:  Final  Cycle  Design  Point 

at  constant  Design  Speed. 


1 


Active  Stabilization  Implemented  as  a  Retrofit  Upgrade 

to  an  Existing  Configuration 
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and/or  higher  exhaust  pressure. 


Active  Stabilization  Implemented  as  a  Retrofit  Upgrade 
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For  this  application,  performance  benefits  and  penalties 
are  associated  with  the  higher  pressure  ratio 


Specific  Fuel  Consumption  Benefit  for  Cruise  Operation 

35,000  ft/  .85  MN 


Net  Thrust  Normalized  to  a  Reference  Point 


High  Power  Thrust  Penalty  Driven  by  Temperature  Limits 
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The  presence  of  existing  cycle  constraints  may  compromise 
potential  active  control  benefits  on  existing  configurations. 


T3  Limited  Operation  Covers  a  Larger  Portion  of  the  Flight 
Envelope  as  Core  Pressure  Ratio  is  Raised 


The  severity  of  the  performance  penalty  depends  on  the  location 

of  the  aircraft's  critical  flight  conditions. 


Summary  of  Results: 

Benefits  of  5%  Additional  Stall  Margin  on  an  Existing  Configuration 
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Additional  stability  margin  above  5%  could  not  effectively 
be  utilized  on  the  existing  configuration.  _ 


Active  Stabilization  Incorporated  on  a  New  Engine  Design 
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The  benefits  of  20%  additional  stall  margin  are  maximized  when  active 
stabilization  is  incorporated  early  in  the  engine  design  process. 


Aircraft  System  Benefit: 

Active  Stabilization  on  a  New  Aircraft  Design 
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Aircraft  System  Benefit:  Larger  Inlet  Distortion  Tolerance 
Allows  Reductions  in  the  Inlet  Capture  Area 
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The  reduction  in  inlet  area  results  in  significant 

improvements  in  range. 


Design  Options  for  Implementing  Active  Control 
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